To meet the ever-increasing global demand for bandwidth, optical interconnects are now being used to cover shorter distances. They will eventually account for all the interconnects inside a chip, setting a roadmap for reducing the photonic component size to the nanoscale. 1 Another trend is toward CMOScompatible optical communication and signal processing, for which a silicon modulator has been identified as the key driver. 2 Because silicon does not exhibit an efficient electro-optic effect, an optical silicon modulator requires a large device footprint, on the order of millimeters. 3, 4 The modulation strength per unit area can be increased by deploying a high-Q resonator, but with the trade-off of a significant sacrifice in bandwidth. 5 By converting optical signals to deep subwavelength surface plasmons propagating along metal-dielectric interfaces, plasmonic devices can strongly increase the electromagnetic field. Therefore, they can be used to enhance the weak electro-optic effect. 6, 7 Furthermore, with the growing importance of the integration space and footprint, the small physical size of plasmonic devices will become a critical feature. The synergies between electronics and photonics are already becoming key design factors. For instance, the metal employed in plasmonic devices not only confines the optical field, but also can be used as electrodes and heat sinks simultaneously. Exploiting these unique properties, we have developed a wavelength-scale silicon-based plasmonic modulator that exhibits higher performance. 8 Our device is based on a metal-insulator-semiconductor (MIS, Au-SiO 2 -Si) waveguide, see Figure 1 the material interfaces produces a strong optical field in the thin oxide layer normal to the metal and semiconductor. 9 The carrier concentration of the ITO can be greatly increased by applying an electrical bias to the MIS structure because an accumulation layer forms. 10, 11 The key design criterion is that the nanometer-scale carrier-accumulating ITO layer spatially overlaps the electric field maximum of the confined propagating optical mode, see Figure 1 (b). This overlap strongly enhances the modulation effect owing to the increased electro-optic absorption of the mode.
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Figure 2. The real (a) and imaginary (b) parts of the refractive index of the ITO film versus the frequency for various carrier densities. When the bias is applied, the carrier concentration of the ITO will increase, causing the real part of the index n to decrease and the imaginary part
This plasmonic modulator exhibits an extinction ratio of 5dB for a device length of 5 m, see Figure 2 (a). These results correspond to an extinction ratio of 1dB/ m, which is, to the best of our knowledge, the highest value among all the reported Si-based electro-optic modulators. 3, 12 A noteworthy feature of our device is that it requires low voltage to switch the signal off. Whereas dielectric modulators show index changes per applied voltage of only one millionth, the voltage modulation potential of the modulator studied here is 10,000 times stronger for similar electrostatic geometries, see Figure 2 (a). 3 Another important device characteristic is the insertion loss in the ON state (no voltage applied) of the electro-optic modulator, where the goal is to minimize the optical loss. Our 5 m-long device suffers a total insertion loss of only about 1dB. This overall low loss is a significant improvement over photonic modulators. Even if the mode loss of a photonic modulator is much lower than that of the plasmonic one, the total insertion loss is even higher, because the photonic device requires millimeter-long interaction lengths where the loss is accumulated. 3 In telecommunication, wavelength-division-multiplexing (WDM) has become established as the means of delivering high data bandwidths. It demands broadband operation of on-chip electro-optic modulation. We experimentally tested the broadband performance of our device by scanning the operating wavelength from 1.2 to 2.2 m and measuring the relative transmission as a function of the voltage, see Figure 3 (b). The modulator exhibited good performance over this 1 m bandwidth. This broadband performance is a direct result of the non-resonancebased device modulation mechanism and holds promise for future deployment into WDM on-chip architectures.
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In conclusion, we have demonstrated a high-performance silicon-based plasmonic modulator. We have experimentally demonstrated a 1dB/ m extinction ratio with very low insertion losses of about 1dB for a device with a length three times the wavelength and showed broadband operation over a bandwidth of 1000nm. Such a silicon-on-insulator integrated device with high modulation strength, low insertion loss, and broadband capabilities enables ultracompact, power-efficient, and potentially fast on-chip data communication links for future photonic integrated circuits. We are working on demonstrating a high modulation bandwidth and integrating the silicon plasmonic modulator with other components. Xiang Zhang is the Ernest S. Kuh Endowed Chaired Professor at UC Berkeley and the director of the National Science Foundation Nano-scale Science and Engineering Center. He is also a faculty scientist at Lawrence Berkeley National Laboratory. He is an elected member of the National Academy of Engineering and a fellow of the American Physical Society, The Optical Society, the American Association for the Advancement of Science, and SPIE.
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